Purpose An infective origin of childhood leukemia has been postulated, with leukemia developing as a rare response to an infection. Population mixing can result in increased contacts between infected and susceptible individuals and may increase the risk of leukemia. The objective of this study was to investigate the association between residential mobility as an indicator of population mixing at individual level and the risk of leukemia in children (\15 years). Methods We conducted a population-based case-control study using Finnish register data. Cases (n = 1,093) were all children diagnosed with leukemia (M9800-M9948 in ICD-O-3) at \15 years of age in Finland in 1990-2011. We chose randomly three controls per case (n = 3,279), free of cancer and alive in the end of the index year (diagnosis of the case). Controls were matched by sex and age. A comprehensive history of residential mobility was constructed from the population registry including overall migration, moving to a larger municipality (more inhabitants), and moving to a municipality with low, intermediate, or high migration intensity. The association between residential mobility and the risk of childhood leukemia was evaluated using conditional logistic regression. Results We did not observe consistently increased or decreased risks of childhood leukemia associated with different migration patterns. Overall, residential mobility showed odds ratios nonsignificantly below unity, and no elevated risks were found. Conclusion Our results do not indicate that higher residential mobility or moving to municipalities with more inhabitants is associated with risk of childhood leukemia.
Introduction
Leukemia is the most common childhood malignancy, accounting for approximately a third of all malignant diseases diagnosed in children below the age of 15 years [1] . Childhood leukemia is a heterogeneous disease with regard to its cellular origins, and its causes are largely unknown [1, 2] . Epidemiological studies have examined a number of possible risk factors in order to determine the etiology of the disease. Established risk factors include Down syndrome, high doses of ionizing radiation, male gender, and high birth weight (over 4,000 g) [3] [4] [5] . The reported increasing incidence over time [6, 7] , unusual clustering of events [8] , the peak in incidence at ages 2-5 years, and seasonal variation [9] have all been proposed as indicators of potential infective etiology.
Two different hypotheses of infectious origin have been proposed. Both hypotheses presume that childhood leukemia is a rare response to one or more common, unidentified infections [10] [11] [12] . Greaves has proposed a 'delayed infection' hypothesis with the absence or scarcity of infections in early childhood predisposing the immune system to abnormal responses to infections at later age [10] . As for 'population mixing' hypothesis, Kinlen suggests that individuals living in isolated areas have developed limited immunity and thus their immunity to common infections is low. According to Kinlen's hypothesis, childhood leukemia results from unusual demographic mixing of infected and susceptible individuals [9, 11] . Evidence from epidemiological studies has to some extent supported the two hypotheses, but findings have not been entirely consistent [10, [13] [14] [15] [16] . Thus, exploration of a possible association between childhood leukemia and infections should continue.
We investigated the association between the risk of leukemia in children (\15 years) and individual residential mobility. The hypothesis is based on a parallel between influx of people to a population, and an individual moving to a new population, both involving introduction to a new pool of infectious agents. We conducted a populationbased case-control study using Finnish register data. Residential mobility history was analyzed in four different aspects: (1) overall migration including moving within the same municipality, (2) moving between municipalities, (3) moving to a municipality with more inhabitants, and (4) moving to a municipality with low, intermediate, or high migration intensity.
Materials and methods
The data for this case-control study were obtained from several Finnish population-based registers. Leukemia cases (M9800-M9948 in ICD-O-3) diagnosed at \15 years of age between 1 January 1990 and 31 December 2011 were identified from the Finnish Cancer Registry. There were 1,093 cases meeting the inclusion criteria. Information on cases' personal identification numbers, histological type, and date of diagnosis was acquired.
Three controls free of cancer and alive in the end of the index year (diagnosis of the case) were randomly chosen for each case from the Population Register Center. Controls (n = 3,279) were matched by sex and age (same year of birth). A reference date was assigned for the controls as the date corresponding to the exact age of the matched case at diagnosis. Residential histories of all study subjects were also obtained from the Population Register Center, as well as the personal identification numbers for the controls. Information was collected for the years 1976-2011 to cover the entire lifetime of all study subjects. Residential history information was obtained for each case and control including the previous and current home addresses (street names and municipalities), as well as moving dates and place of birth. Data from different registers were linked using as the key the personal identification number, issued to each child soon after birth [17] .
Information on migration for each Finnish municipality was received from Statistics Finland. Information included nationwide municipal-level emigration and immigration by sex and age group. Information on overall population size and size of child population of each municipality was also obtained from Statistics Finland. There were 336 municipalities in Finland in May 2012. Most of the municipalities (n = 259) were small with fewer than 15,000 inhabitants. Municipalities were categorized into four groups in relation to number of inhabitants: municipalities with 100,000 inhabitants or more (n = 8), 30,000-99,999 inhabitants (n = 27), 15,000-29,999 inhabitants (n = 42), and municipalities with \15,000 inhabitants (n = 259). The population density also varied widely, with 147 municipalities (660,000 inhabitants in total, or 12 % of the population) having [10 inhabitants/km 2 , while 27 municipalities (with 2.4 million people, or 44 % of the population) had [100 people/km 2 . From the Medical Birth Register maintained by the National Institute of Health and Welfare, data were obtained for all study subjects on mother's parity (no vs. any previous childbirths), mother's smoking during pregnancy (smoking during pregnancy vs. no), and index child's birth weight (\4,000 vs. 4,000 g or more). These data were missing for 16 % of the cases and 15 % of the controls. Data on Down syndrome for all study subjects were obtained from the Register of Congenital Malformations of National Institute of Health and Welfare.
Moving was defined as a change of place of residence in Population Register Center. This included moving within the same municipality and/or moving from one municipality to another. Moving that occurred 6 months or less prior to the diagnosis (or reference date) was excluded.
Analyses were also performed for moving by one-year age group for ages 0-6 years as the exposure, with the rationale that there might be a 'window of opportunity' at a young age when children are susceptible to the risk due to moving. For moving within an age range, only moving during that age span was included and moving before and after it was ignored. Cases diagnosed before the age span were excluded, as well as their controls (but those detected after the age span were included).
Leukemia types were categorized into three histological groups according to ICD-O-3: acute lymphoblastic leukemia (diagnoses M9835-M9837), acute myeloid leukemia (diagnoses M9861, M9866, M9867, M9873, M9874, M9891, and M9910), and other histological types combined. Information on genetic aberrations (hyperdiploidy, TEL-AML1 fusion, other karyotype abnormalities, normal karyotype) was obtained from medical records, and it was available for 86.6 % of the cases.
Analysis
Categorized residential mobility was compared between cases and controls using Pearson's Chi-square test, and ordinal logistic regression was used to examine the relation with adjustment for age (number of moves divided into 0, 1, 2, and 3 or more as the outcome). Odds ratios (ORs) and associated 95 % confidence intervals (CIs) for leukemia in relation to moving were estimated using conditional logistic regression in Stata 12.1.
Ethical approval
The study was based on registry data only, and the study persons were not contacted by the researchers; therefore, the study was exempt from the requirement for informed consent. The study protocol was reviewed by the ethical committee of Pirkanmaa Hospital District (tracking number R14074), and permission to use the cancer registry and birth registry data was obtained from the National Centre for Health and Welfare.
Results
Of the 1,093 cases, 80.7 % had acute lymphoblastic leukemia (ALL), 13.1 % acute myeloid leukemia (AML), and 6.2 % other histological types ( Table 1 ). The mean age at diagnosis was 5.7 years (SD 3.9 years). Down syndrome was statistically significantly more common in cases compared to controls (3.7 vs. 0.06 %, p \ 0.001, crude OR 60.0; 95 % CI 14.5-248) as well as higher birth weight (C4,000 g) (23.2 vs. 18.8 %, p = 0.004, crude OR 1.37; 95 % CI 1.15-1.63). There were no statistically significant differences in frequencies of other potential confounding factors.
Fifteen cases had immigrated to Finland before diagnosis, and 23 controls were also born abroad (OR 1.50; 95 % CI 0.81-2.86). Cases and controls had both the median of one move overall [range in cases 0-15; interquartile range (Q 1 -Q 3 ), IQR = 0-1 and in controls range 0-11; IQR = 0-2, p = 0.69]. Of the cases, 51.1 % had moved at least once 6 months or more prior to the date of diagnosis, and 52.6 % of controls before the reference date (p = 0.66). There were fewer moves between municipalities: Both cases and controls had a median of zero of moves, ranging in cases 0-10 and in controls 0-7 (IQR 0-0 in both groups, p = 0.76). 21.3 % of the cases and 22.5 % of controls had moved at least once to another municipality at least 6 months prior to the diagnosis or reference date (p = 0.76, results not shown).
Of the potential confounders, previous pregnancies and maternal smoking during pregnancy were associated with larger numbers of moves, and birth weight [4,000 g with lower frequency of moving, and these differences remained even after adjustment for age in ordinal logistic regression. On the other hand, an association of Down syndrome with moving disappeared, when the effect of age was taken into account. Hence, results adjusted for birth weight, parity, and maternal smoking are shown.
Overall migration was not clearly associated with childhood leukemia (Table 2) . A marginally, nonsignificantly reduced risk of childhood leukemia was associated with overall migration in the entire material. We also analyzed the effect of moving in relation to age at moving, examining whether an effect depends on when the child moves, assuming variation in susceptibility by age (age as a modifier of the effect of moving). A slightly reduced risk of borderline significance was associated with moving at age 1-\2 years (OR 0.85; 95 % CI 0.71-1.02), and it was not materially affected by adjustment for birth weight, maternal smoking during pregnancy, and mother's parity (OR 0.84; 95 % CI 0.69-1.04). For the other 1-year age groups, no association between moving and leukemia risk was seen. Further, combining moving at ages 1-5 years did not show a clearer pattern. For moving to another municipality, a similar pattern was seen, with a reduced risk for moving at age 1-2 years (Table 2) . However, no such association was seen in the older age groups.
Overall migration and moving between municipalities was analyzed also by cell type and genetic subgroup (Table 3) . For overall migration, a significantly decreased risk of childhood leukemia with hyperdiploidy was found, and a nearly similar, though nonsignificant association for cases with TEL-AML1 fusion gene. For other genetic abnormalities, point estimates were close to unity and nonsignificantly increased risk estimates were found for normal and missing karyotype. For AML, no association with moving was found, and for other leukemia types than ALL and AML, an elevated, but imprecise estimate was obtained. For moving between municipalities, only leukemia with TEL-AML1 fusion gene and AML showed nonsignificantly decreased risks and the other point estimates were close to unity.
No consistently reduced or elevated risk of childhood leukemia was observed in children moving to a larger municipality (Table 4) . Similarly, moving to a municipality with low, intermediate, or high migration intensity was not associated with the risk of childhood leukemia (Table 5 in 'Appendix'). In each migration intensity group, the risk estimates were close to unity, ranging from 0.8 to 1.1.
Discussion
In this population-based case-control study, we used four different approaches to evaluate the association of residential mobility with childhood leukemia as a proxy for exposure to infective agents. We did not observe any consistently decreased or elevated risk of childhood leukemia associated with residential mobility. Point estimates for overall migration and moving between municipalities were more commonly below than above unity, and the only significant results suggested a reduced risk with residential mobility at ages 1-2 years and for cases exhibiting hyperdiploidy. These results were, however, obtained from subgroup analyses and could be due to chance. Moving to municipalities with different migration intensities carried no clearly decreased or increased risk of leukemia. No apparent trend was observed with moving to a larger (in terms of number of inhabitants) municipalities and the risk In earlier studies, characteristics of the municipality, such as population density, have been used to indicate the likelihood of exposure to infective agents. In addition, movement of people, either daily commuting or longerterm residential migration, has been used to describe a process, by which susceptible and infected individuals contact [18, 19] . Moving is surrogate for a change in population dynamics at individual level, comparable to population mixing. How much it affects the exposure to infective agents depends on the degree of difference in the pool of infective agents in the old and new host populations. If there is little exchange through movement of people, there can be pockets with distinct 'endemic' patterns and supply of exposure to specific agents affecting the transmission in the population. Finland is a large country, with one of the lowest population densities in Europe, and therefore one may assume a larger degree of isolation than in more densely populated areas. Thus, in Finland, population mixing may be less abundant, which should provide a good setting to investigate the issue, because of the relatively larger degree of isolation enabling moving between stable populations with distinct epidemic patterns.
The number of residencies can also be considered as a proxy for population mixing and common infections. Moving encompasses contact with a new population, as well as contact with potentially new infectious agents. According to Kinlen's population mixing hypothesis [11] , this could increase the risk of childhood leukemia as a rare response to a common infection. Several previous studies have reported higher rates of childhood leukemia associated with increased population mixing in isolated areas. Kinlen and his colleagues have quite consistently reported higher risks of childhood leukemia in various situations with influx of people to isolated populations [20] [21] [22] , and other researchers have obtained comparable results [23] [24] [25] . Dickinson et al. [23] found a strong association between higher incidence of ALL and population mixing, and also Boutou et al. [24] reported higher risk of leukemia in rural municipalities with high population mixing, when compared to urban municipalities. Stiller et al. [25] also found increased incidence of childhood leukemia in areas of higher migration and diverse population mixing.
Our findings are consistent with those of Infante-Rivard et al. [26] , who examined residential mobility in children. They found no significantly reduced or elevated risk of childhood ALL associated with moving during pregnancy, in the first year of life, or in the year before diagnosis. Also, Dockerty et al. [27] examined whether population influxes into rural areas were associated with an increase in the incidence of childhood leukemia and did not find any significantly raised rate ratios during or after the greatest influx. Alexander et al. [28] examined migration patterns of children with leukemia and did not observe clear elevated or reduced risk. There was a suggestion that cases were more mobile in the first few years of life and especially cases diagnosed shortly after the change in residence, although none were statistically significant. Other previous epidemiological studies have also reported associations between childhood leukemia and residential relocation [29, 30] . Heinävaara et al. [29] conducted a register study examining residential history and childhood leukemia in Finland. They observed a nonsignificantly higher risk of childhood leukemia associated with more than one residence. On the other hand, Chan et al. [30] found a reduced risk of childhood leukemia associated with a change of area of residence in the first year of life. An increased risk was associated with change of area of residence later in life or in the year prior diagnosis.
Most above-mentioned results of childhood leukemia and population mixing are not directly comparable to our findings. These studies have mostly concentrated on investigating incidence of childhood leukemia in circumstances with extreme population mixing. In Finland overall, there has not been any major population influx or increased residential mobility during the study period. A possible explanation for our lack of findings may be that the hypothesis applies only to previously isolated populations facing sudden major influx of people.
Major strengths of our study include a clearly defined population base and comprehensive inclusion of both cases and representative controls, eliminating selection bias. As in Finland residential register data are based on citizens' statutory announcements, we were able to reconstruct comprehensive residential histories for all study subjects, avoiding any information bias. Furthermore, we were able to obtain information on most known risk factors including Down syndrome, birth weight, birth order, and maternal smoking during pregnancy. We also had extensive data on genetic aberrations. The sample size calculations showed that the study has sufficient power to detect an odds ratio approximately 1.3-1.5 or larger for exposure prevalences 5-25 %.
Although we examined different aspects of migration, our indicators of population mixing may not be sensitive enough. Our limited knowledge of the etiology of childhood leukemia makes it difficult to define the key aspects of population mixing and population dynamics that might affect the risk of childhood leukemia. In earlier studies, various criteria have been used in defining an isolated population. In our study, different criteria or definitions in determining migration intensity or categorizing municipalities by their sizes might have shown different results. In Finland, sizes of municipalities differ widely (in population sizes as well as area), which makes it hard to estimate the actual moving distance when moving within the same municipality or between municipalities. In Finland, there have also been consolidations of municipalities over the study period, which can have brought inaccuracies to our results. Further, we were unable to use the municipality characteristics as time-dependent variables, which adds to exposure misclassification. A key limitation of our analyses was also the small number of study subjects, especially in analyses of moving to larger municipalities. The relatively small number of exposed study subjects precluded also some subgroup analyses. Also, no data on socioeconomic status were available.
Conclusion
In conclusion, the present results do not support the population mixing hypothesis. Further studies are, however, needed to investigate the possible association between childhood leukemia and migration rates and densities within isolated communities, and ideally use more direct indicators of contact to infectious agents. See Table 5 . 
